A candidate reference measurement procedure involving isotope dilution coupled with gas chromatography-mass spectrometry (GC-MS) has been developed and critically evaluated. An isotopically labeled internal standard, cortisol-d2, was added to a serum sample. After equilibration, solid-phase extractions (SPE) for sample preparation and derivatization with heptafluorobutyric anhydride (HFBA) were performed for GC-MS analysis. The limit of detection (LOD) and the limit of quantification (LOQ) were 5 and 20 ng g -1 , respectively. The recovery of the added cortisol ranged from 99.8 to 101.0%. Excellent precision was obtained with a within-day variation (RSD) of 0.7% for GC-MS analysis. The accuracy of the measurement was evaluated by comparing of results of this reference measurement procedure on lyophilized human serum reference materials for cortisol (European Reference Materials (ERM)-DA 192) as Certified Reference Materials (CRMs). The results of this method for total cortisol agreed with the certified values within some uncertainty. This method, which demonstrates simply, easy, good accuracy, high precision, and is free from interferences from structural analogues, qualifies as a reference measurement procedure.
Introduction
Cortisol is a steroid hormone secreted by the adrenal cortex, and is largely bound to protein in circulation. Cortisol is primarily involved in carbohydrate metabolism, but it has several other functions, including the inhibition of protein synthesis in peripheral tissues and the promotion of antiinflammatory and immunosuppressive actions. Cortisol is an important diagnostic marker for the production of steroid hormones, and accurate measurements of serum cortisol are necessary for proper diagnosis of the adrenal function.
Many routine clinical methods for serum cortisol, primarily based on immunoassays, are positively biased, as compared to mass spectrometric methods. [1] [2] [3] [4] There is a need for a critically evaluated reference method for cortisol to provide an accuracy base to which routine methods can be traceable. Reference methods for cortisol generally apply isotope dilution (ID)-gas chromatography-mass spectrometry (GC-MS) after the transformation of cortisol into its dimethoxime tri(trimethylsilyl) ether (MOX-TMS) or heptafluorobutyric anhydride (HFBA) derivatives. These definitive and reference methods with RSDs of 2% or less have been published concerning the determination of cortisol in serum. [5] [6] [7] [8] On the other hand, highly reproducible, selective, and sensitive ID-liquid chromatography-mass spectrometry (LC-MS) and liquid chromatography-tandem mass spectrometry (LC-MS-MS) with electrospray ionization (ESI) were developed. 9, 10 Two lyophilized human serum reference materials for cortisol 11, 12 as Certified Reference Materials (CRMs), European Reference Material (ERM)-DA 192 and 193 (from European Commission Institute of Reference Materials and Measurements (IRMM)) and a reference panel of fresh frozen single-donation sera for cortisol 13 were certified using GC-MS reference methods for traceability assessment.
As sample preparations of a human serum sample, liquid-liquid extraction (LLE) and solid-phase extraction (SPE) have been reported. 5, 9, 10 In previous methods, LLE using the dichloromethane method, 10 LLE using dichloromethane followed by a gel filtration chromatography method, 5 and SPE using C18 followed by LLE using an ethyl acetate method 9 were reported. In this work, we have developed a candidate reference measurement procedure for total cortisol in human serum involving ID-GC-MS with HFBA derivatization. As sample preparation, an optimized simple SPE method was developed. Moreover, the amount of the sample necessary to analyze cortisol in the serum was set at 0.5 ml. The accuracy of the measurement was evaluated by comparing the results of this reference measurement procedure on ERM-DA 192 with certified values and by a recovery study for the added cortisol. This reference measurement procedure was found to be free from interferences by testing the structural analogues of cortisol under the GC conditions for cortisol measurements.
Experimental

Materials and reagents
NMIJ CRM 6007a hydrocortisone (high-purity cortisol material) was used as a standard. The chemical structures of cortisol and the HFBA derivative of cortisol are shown in Fig. 1 
GC-MS analysis
GC-MS analysis was performed on a 6890N GC and 5973 inert MS from Agilent Technologies (Palo Alto, CA). The injection temperature was set to 250 C. Injection was performed in the pulsed splitless mode. The injection pulse pressure was set to 137.9 kPa (20 psi) for 1 min. The purge flow to split vent was set to 30 ml min -1 for 1.5 min. The separations were conducted on a DB-5MS fused silica column (30 m × 0.25 mm i.d., 0.25 µm film thickness, Agilent Technologies). The oven temperature was programmed to increase from 60 to 300 C (held for 9 min) at 15 C min -1 . Helium was used as the carrier gas at a flow rate of 1.0 ml min -1 . The mass spectrometer was operated in the selected ion monitoring (SIM) mode with electron ionization (EI). The ionization voltage was set to 70 eV. For SIM, three ions were monitored (m/z 489 and 504 for the HFBA-cortisol and m/z 491 for the HFBA-cortisol-d2. The underlined number is the m/z of the ion used for quantification).
Preparation of calibrators
Two independent cortisol standard solutions at the 10 mg g -1 level in an ethanol solution were prepared gravimetrically on an analytical balance (Mettler XS205-DU). A solution of an isotopically labeled internal standard, cortisol-d2, at a concentration of 1 mg g -1 in an ethanol solution was also prepared gravimetrically. Weighed amounts of each two cortisol standard solutions were mixed with weighed amounts of a cortisol-d2 solution to prepare two calibration mixtures, two with the cortisol/cortisol-d2 mass ratio of 0.8 and others with the ratio 1.2. The calibrators were analyzed (n = 6), and a two-point calibration curve was obtained. For quantification, an isotope dilution mass spectrometry (IDMS) method was used.
Sample preparation
An appropriate amount of cortisol-d2 was added to a human serum sample (0.5 g) to give an ~1:1 ratio of analyte to the internal standard. After equilibration at room temperature (25 C) for 2 h, each sample was acidified to pH 1.5 with 1.5 ml of 0.5 M phosphoric acid. After equilibration, cortisol was isolated from the serum matrix using Oasis HLB solid-phase extraction cartridges. Each sample was loaded at a rate of 3 -4 ml min -1 onto a cartridge previously conditioned by wetting with 2 ml of methanol, followed by 2 ml of purified water. The cartridge was then washed with 2 ml of a 30% (v/v) methanol solution. The cortisol was eluted from the cartridge with 2 ml of a 70% (v/v) methanol solution. The eluate was dried under nitrogen at 50 C and reconstituted with 30 µl of acetone. HFBA (30 µl) as a derivatization reagent was added to the sample, and derivatization was performed for 4 h at room temperature. Then, the sample was dried under nitrogen and reconstituted with cyclohexane (20 µl). The 2 µl was injected to GC-MS analyses.
Results and Discussion
Derivatization
Because cortisol is thermally unstable, direct analysis by GC-MS was difficult. Then, the HFBA derivatization process was performed. In the mass spectrometric analysis of a cortisol standard solutions using HFBA derivatization, followed by GC separation, the intense peaks of m/z 463 and 465 were observed as the base peak ions of HFBA derivatives of cortisol and cortisol-d2, respectively (Fig. 2) .
However, during the measurements of cortisol and cortisol-d2 in a human serum sample, the monitoring ions at m/z 463 and 465, respectively, could not be completely separated from the other peaks. When monitoring ions of cortisol and cortisol-d2 were set to m/z 489 and 491, respectively, complete separations were observed. Therefore, these monitoring ions were selected.
One important parameter affecting HFBA derivatization was the reaction time. The reaction time profile of the HFBA derivative of cortisol is shown in Fig. 3 . The HFBA derivative of cortisol reached the maximum value after approximately 4 h. Therefore, the reaction time was set to 4 h for the determination of cortisol in human serum samples.
Optimization of SPE conditions
The important parameters affecting SPE were washing the solvent and the elution solvent. In this study, a methanol solution generally used was examined. To optimize the washing solvent and the elution solvent, a 0 -100% (v/v) methanol solution (2 ml) was used. When more than a 40% methanol solution as a washing solvent was used, elution of cortisol from solid phase was observed (Fig. 4) . In addition, when more than a 70% methanol solution as an elution solvent was used, a complete elution of cortisol was observed (Fig. 4) . Therefore, 30 and 70% methanol solutions were used as washing and elution solvents, respectively.
Method validation and analytical quality check
For a method to be considered as a reference method, it must be thoroughly tested for sources of bias. The following sections discuss the evaluation of critical parameters that potentially could bias the results. Equilibration of cortisol and labeled compound. The optimal equilibration time of cortisol and labeled compound in human serum samples has already been reported. 9, 10 When the equilibration time was set to 2 h by referring to a previous paper, a high reliability measurement was possible. Therefore, the equilibration time was set to 2 h. Extraction efficiency of cortisol from a serum sample. The SPE produced a clean extract for GC-MS with derivatization analysis. The overall recovery of cortisol from the serum with this extraction method was determined to be ~80%. With complete equilibration between the labeled and unlabeled forms, as discussed above, the absolute recovery is not critical, because it is the ratio of unlabeled to labeled cortisol that is measured. Limit of detection and quantification, and recovery test. The calculated limit of detection (LOD) of cortisol was 5 ng g -1 for GC-MS with HFBA derivatization, with the signal-to-noise ratio (S/N) being 3. In addition, the limit of quantification (LOQ) of cortisol with S/N > 10 was 20 ng g -1 .
The accuracy of the measurement for cortisol in serum was determined through a recovery study for the added cortisol. The results are given in Table 1 . The mean concentration of endogenous cortisol in the pooled serum was 61.4 ng g -1 . The amounts of cortisol recovered and added were in good agreement for all two concentrations (91.3 and 345.3 ng g -1 ) with the average recoveries (n = 6) being 99.8 and 101.0%, respectively. Repeatability. To test the repeatability of the sample-preparation procedures used in the candidate reference method, within-day, three portions of a frozen pool serum sample were separately subjected to the sample-preparation procedures and the extracts were derivatized and analyzed by GC-MS (n = 6). The within-day variation (RSD) was 0.7%. Therefore, the present method has excellent repeatability. Interference testing. If a structural analogue of cortisol was to co-elute with cortisol or cortisol-d2, it could bias the results. The metabolites of cortisol and other corticosteroids were tested to determine whether they could interfere with the measurement of cortisol. When cortisone, prednisone, 20α-dihydrocortisol, 20β-dihydrocortisol, 5α-dihydrocortisone, 5β-dihydrocortisone, 20α-dihydrocortisone, and 20β-dihydrocortisone were analyzed by GC-MS with the HFBA derivatization method, a clear peak could not be observed. On the other hand, when prednisolone, 5α-dihydrocortisol and 5β-dihydrocortisol were analyzed by GC-MS with the HFBA derivatization method, each peak was able to clearly be observed. However, m/z 489 and 491, the monitor ions of cortisol and cortisol-d2, respectively, were not observed in the MS spectra of cortisone, prednisolone, 5α-dihydrocortisol and 5β-dihydrocortisol. Therefore, these compounds could not influence the cortisol and cortisol-d2 analysis. In a previous study, it was reported that the complete separation of cortisol and prednisolone was difficult by the LC method. 9 In this study, cortisol and prednisolone were able to be completely separated by the difference of two parameters, such as the monitor ion and the retention time. Therefore, all of the compounds tested were completely separated from cortisol and cortisol-d2. Analysis of ERM-DA192 and uncertainty sources. As another Fig. 3 Optimum reaction time for derivatization. Fig. 4 Optimum concentration of the washing and elution solvents for SPE condition. accuracy assessment for the candidate reference method, samples of ERM-DA 192 were analyzed, and results were compared to the certified values (Table 2) . Typical chromatograms are shown in Fig. 5 . The mean concentrations of cortisol in ERM-DA 192 measured by the candidate reference method were 97.0 ± 2.1 ng g -1 . These results agreed with the certified values (96.6 ± 2.1 ng g -1 as unit conversion) within the uncertainly.
The overall uncertainty in the measurements included the measurement repeatability (type A) and other factors (type B), which include the uncertainty in the purity of the reference material, and the uncertainty associated with the use of gravimetric additions. The components of uncertainty and their magnitude are listed in Table 3 . The various components were combined quadratically to determine the relative standard uncertainty for each level. A value of 2 was used for multiplying the standard uncertainty for each level to calculate the expanded uncertainty, which is intended to represent a 95% confidence interval. The relative expanded uncertainty was 2.1%.
Conclusions
A candidate reference measurement procedure involving ID coupled with GC-MS has been developed and critically evaluated. This method is based on sound theoretical principles, is free from interferences from structural analogues, demonstrates quantitative recoveries of added cortisol, and has compared well with certified values. Moreover, this method is simple and easy. Therefore, it qualifies as a reference measurement procedure, and can be used as an alternative method to provide an accuracy base to which routine methods can be compared. a. The certified values in ng ml -1 described in the certificate were converted to ng g -1 by assuming that the density of the reconsituted serum sample is 1.0225 g ml -1 . This density value was referred the previous paper. 10 b. The numbers after "±" are the expanded uncertainties, with a level of confidence of 95%, of the proceeding IDMS results. 
